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Observations Model SimulationsFeely et al., 2008 Gruber et al., 2012
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Calibrating the Calcification Response 
of G. bulloides to [CO

3
2-]



Planktonic Foraminifera Shell Weight
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Area density and shell diameter measurements indicate that G. bulloides produced 

20% thinner and 7% larger shells, respectively, over the 21st century.

1900 200020 µm 20 µm



35% decline in surface ocean [CO
3

2-] over the 20th century 

(271 to 173 ±16 µmol kg-1) or nearly a 100 µmol kg-1 change 

translating to a 0.25 unit decline in pH in this region (8.17-7.92), thereby exceeding 
the global average of 0.1 units by more than a factor of two. 
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∆δ18O= δ18ON. incompta – δ18OG. bulloides

↓∆δ18O

↑∆δ18O

Upwelling Non-Upwelling

LOW 
δ13C

LOW 
δ13C

Surface

Intermediate Depths

↓δ13C ↑δ13C





El Niño
Weakened Upwelling
Higher pH and [CO

3
2-]

La Niña
Strengthened Upwelling

Lower pH and [CO
3

2-]
Nam et al., 2011

ENSO and Carbonate Chemistry



Anomalous El Niño Events 
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IPCC Projection Scenarios



Projecting the Marine Carbonate System
1. Use atmospheric CO

2
 to estimate surface ocean pCO

2
2. Estimate Total Alkalinity using salinity relationship



Concluding Remarks

• Fossil shells of planktonic foraminifera can be 
used as a paleo-proxy for OA 

• The OA record from the CCE indicates this region 
is acidifying twice as a fast as the global ocean

• Future projections indicate future emission 
reduction can significantly reduce OA
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The Area Density Method
(Marshall et al., 2013)

Individual Weight (µg) /Individual Area (µm2)= Area Density (µg/µm2)



Data from Pak and Kennett, 2002



δ18O-Derived 
Calcification Depths



Effective Size-Normalization

Foraminiferal Area Density
Marshall et al., 2013
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